Abstract-Inductively power transfer systems are becoming increasingly popular in modern applications like electric vehicles. In order to make this technology attractive, its transfer efficiency must be considerably high. Most works in the literature define the efficiency of the wireless charger as the one associated to the inverter, the coupled coils and the compensation networks. Therefore, they usually omit the study of the losses occurring in other parts of the system such as in the secondary rectifier. This paper evaluates the losses in a complete wireless charger, built and designed to provide V2G functionalities. The experimental evaluation based on the waveform analysis is contrasted with a theoretical model, which relies on the non-idealities of the components. The evaluation reveals that measurement error greatly impact on the power losses derived by the two approaches.
I. INTRODUCTION
Electric vehicles have become an environmental-friendly transport solution with a convenient performance for most users. However, their reduced autonomy is still restricting their proliferation. Several approaches are being taken to overcome this limitation. The use of batteries with higher capacity and the implementation of alternative ways to charge the vehicle follow this goal.
Wireless chargers for electric vehicles aim to ease the charge process while the car is parked and even on move [1] . The technology behind this process is generally based on Inductively Coupled Power Transfer (ICPT) [2] . With this support, the EV can also implement the functionalities of special interest in the V2G (Vehicle-to-Grid) scenario, where the vehicles also act as temporary sources connected to the grid [3] . In this paradigm, the vehicles may help in the stability and operation of the electric grid if they work in a coordinated way.
For V2G, bidirectional wireless chargers need to be designed and implemented. They usually rely on bidirectional power converters, two coupled coils and symmetric matching networks. The behavior of the power converters to control the power and the direction of the energy transfer are adjusted by means of control systems [4, 5] .
Our present work evaluates the losses associated to a built prototype of a bidirectional 3.7-kW wireless charger for EV operating at 85 kHz, as recommended by SAE TIR 2954 [6] . The power converters employ Silicon Carbide (SiC) semiconductors.
In particular, SiC MOSFET are selected due to their ability to cope with the required power and to switch at the operating frequency. Additionally, SiC semiconductors offers a convenient support to work under wide range of frequencies and to cope with high temperatures [7, 8] .
To compute the losses, we consider the conduction losses and the switching losses of the semiconductors and the equivalent resistances associated to real reactive components. Then, we compare these results with the analysis based on the waveforms acquired in the prototype. The contributions of this paper are three:
-The study of the losses is performed in a wider set of subsystems constituting the wireless charger in comparison with some previous works. Other works opt for simplifying the analysis focusing only in the losses occurring in the inverter, the compensation networks and in the coils. We extend the study to the secondary rectifier too.
-The analysis is done for a bidirectional wireless charger specifically designed for EV. The incorporation of the bidirectionality capability adds complexity to the power converters, which affects on the losses.
-This configuration follows the SAE TIR J2954 recommendations, which impose specific requirements about the frequency of operation and the power delivered to the load. Both features impact on the losses.
The paper is structured as follows. Section II reviews some related works about the study of losses in wireless chargers basing on ICPT technology. Section III presents the main features of the EV bidirectional wireless charger. The methods to compute the losses are presented in Section IV. Section V evaluates the methods basing on the real measurements performed in a 3.7-kW prototype. Finally, Section VI describes the main conclusions of our work.
II. RELATED WORK
The losses occurring in an EV wireless charger are classified into two types: conductive losses and switching losses.
Conductive losses are due to the non-ideal conditions of the components when they are being traversed by a current. In reactive components, the conductive losses are provoked by the resistance offered by the cables on which they are built. This effect is usually modelled by the addition of an ESR (Equivalent Series Resistance) in series with the reactive component in the electrical scheme. The semiconductors of the power converters also present conductive losses when they are conducting.
On the other hand, switching losses are associated to the commutations of the semiconductors in the power converters. On ideal conditions, the semiconductors turn on and off when the voltage or the current are null. The switching is assumed to be instantaneous too. However, the switchings usually take some time to deplete or charge some components. As a result, there is a switching time and during that interval, current and voltage are not null.
As presented in [9] , switching losses differ whether there are hard or soft. This work presents the analytical characterization of the losses but no experimental validation is added. A similar model but in a different application is proposed in [10] . The prototype under evaluation uses a different power transfer technique, it works at 6.78 MHz and transfers 2 W.
Our present paper uses the model presented in [9] and validates it with experimental results for an EV wireless charger based on ICPT.
III. EV BIDIRECTIONAL WIRELESS CHARGER
The generic topology of an EV wireless charger is illustrated in Figure 1 . Although the charger can operate in both senses, we still follow the conventional terminology of referring to the subsystem directly connected to the grid as the primary side and the sub-system attached to the battery as the secondary side. The operation of the power converters differs in the operation mode. The differentiation is realized by additional controllers. For our study, the power converters realizing the inverters operate following a full-bridge topology being each leg activated 50% of the duty cycle.
We are considering that the primary side in the charge mode counts on a controlled rectifier, and inverter, a series-connected matching network and the primary coil. The secondary side, which is placed in the vehicle chassis, is composed of the secondary coil, the series-connected matching network and a controlled rectifier.
Both coils are loosely coupled. The matching networks are incorporated into the system to make it work under resonant conditions. In the discharge mode, the power converter in the secondary side works as an inverter whereas the power converter in the primary side acts as a rectifier.
IV. THEORETICAL COMPUTATION OF LOSSES
The computation of the losses can be performed in two ways. The first approach consists of analyzing the current and voltage waveforms. Assuming a fundamental harmonic approximation, it is possible to infer the real power at the input and at the output of every block in the system. The difference between the two magnitudes corresponds to the losses.
A different approach for losses computation consists of estimating this parameter basing on the electrical model of the components belonging to each block of the system. In this way, both conductive and switching losses need to be modeled.
In the next subsections, we formulate the equations to estimate the losses of each block following both approaches. The study is divided into two subsections corresponding to the two possible ways that the charger could operate: charge and discharge.
A. Charge mode
We first proceed analyzing the waveforms in the input and output of the power converters. We then infer the power losses from this analysis. In the charge mode, the input of the primary inverter is characterized by a constant voltage named . The current at the input ( ) is also constant. As both signals are constants, the real power at the input of the inverter is the product of these variables as expressed in Eq. 1.
(1)
Concerning the output of the primary inverter, the voltage is a square-wave of amplitude while the current is inphase and sinusoidal (with a peak value equals to ). The shape and phase of the output current is the consequence of forcing the system to operate under resonant conditions. For the active power, we must extract the peak value of the fundamental harmonic of the voltage signal ( and operate as follows:
Thus, the losses in the primary inverter ( ) are:
The rectifier input consists of a square-wave voltage (with a peak value of ) and a sinusoidal current wave with a peak value equal to . Applying the decomposition of harmonics, we can state that:
The output of the rectifier in conjunction of the low-pass filter results in two constant signals for voltage and current. The voltage equals to while the current is . This lead to an output power computed as follows:
Consequently, the losses in the controlled rectifier ( ) are:
For these two power converters, a different analysis can be performed basing on the equivalent electrical circuits. In the inverter, the conduction losses are provoked by the non-ideal behavior of the transistors when they are conducting. This nonideality is modeled as an internal resistance drain-source( ). For a full-bridge topology with a phase-shift control of a duty cycle equal to 50%, there are always 2 transistors in conduction. Thus, the conduction losses are:
being the rms (root-mean squared) current in the primary side.
The switching losses in the inverter ( ) can be theoretically predicted by the addition of multiple terms as explained in [10] . Among them, the most relevant ( ) one is provoked by the output capacitance ( ), which is computed as: (8) being the switching frequency and the voltage between the drain and the source.
Taking into account the non-idealities of the controlled rectifier, it is also possible to infer its losses ( ). The controlled rectifier operates as a full-bridge rectifier in the charge mode. Thus, two diodes are simultaneously conducting so that losses are computed as follows:
where represents the internal resistance of the diodes, their forward voltage and the rms value of the current traversing these elements. Due to the compensation topology, equals , that is, the secondary current.
The coils and the matching networks also add conduction losses to the system due to the parasitic resistances. In particular, the losses of the coils are: (10) where and are the resistances associated to the primary and secondary coil respectively while and are the rms current in the primary and the secondary side.
For the matching networks, as they are connected in a Seriesseries compensation network, the losses are expressed as: (11) where and are the resistances associated to the primary and secondary capacitors respectively
B. Discharge mode
In the discharge mode, the battery of the EV provides energy to the grid so that the power flow is reverse to the previous mode. This means that the power converter attached to the battery acts as an inverter while the power converter in the primary side works as a rectifier. The waveforms of the converters change according to their new functionality but it follows a form equivalent to the previous case. Thus, these are the losses that are defined in a different way in comparison with the aforementioned definitions. Alternatively, , , , and can be computed as previously. In the discharge mode, for the inverter attached to the battery:
(12) ( 
13)
On the other hand, the losses in the primary inverter ( ) are:
The rectifier input, which is now in the primary side, corresponds with a square-wave voltage (with a peak value of ) and a sinusoidal current wave with a peak value equal to . Applying the decomposition of harmonics, we can assure that:
The output of the rectifier is now connected to the grid. The voltage equals to while the current is . Both signals are constant as a low-pass filter is used. This implies that the output power is computed as follows:
As a consequence, the losses in the controlled rectifier for the discharge mode ( ) are:
This Section compares the results obtained in the laboratory with those derived from the theoretical model based on the nonidealities of the components. In the laboratory, we have built a 3.7-kW bidirectional prototype supported by square coils separated 20 cm. The switching frequency is 85 kHz as recommended by SAE TIR J2954 [6] . The power converters are composed of CREE C2M0080120D SiC MOSFETs. The main features of the wireless charger are summarized in Table I . It includes the values of the non-idealities components. The measurements of the electrical signals in the prototype leads to the values exposed in Table II. Paying attention to these data, we firstly observe that the power transfer in the charge and the discharge mode are different. Specifically, for the charge mode the prototype delivers 3,5 kW whereas the discharge mode works at 1,3 kW. The power transfer reduction in the discharge mode was imposed by some security issues concerning the battery operations.
From the measurements and the model developed in Section III, we can infer the losses for the two modes. For the power converters, we present these computations performed basing on the waveform analysis and on the equivalent electrical circuit which includes the non-idealities.
The computation of the inverter losses, including conduction and switching losses, has been made using the values of the current traversing the transistor ( ) and the drain-source voltage (
). In the same way, the rectifier losses have been calculated using the value of the current traversing two diodes ( ).
On the other hand, to determine the losses of the coils and the compensation system, the values of the inverter output current ( ) and voltage ( ) for the primary side and the rectifier input current ( ) and voltage ( ) for the secondary side have been used. All these signals were presented in Table II .
The results are exposed in Table III . As can be observed, the use of the model based on the nonidealities leads to higher losses estimation in comparison with those derived from the analysis of the waveforms. In particular, for the charge mode, the inverter is assumed to loss 26 W whereas the waveform analysis states that these losses are 20 W. Concerning the rectifier operation, this difference is 11 W. For the discharge mode, there are also some deviations. Specifically, the difference in the inverter is 2,7 W whereas the rectifier is associated to a deviation equals to 12 W. Taking into account the total values, the differences are significant. This is due to the errors in the measurements, which impact on both the waveform analysis and on the model based on the nonidealities.
Following the waveform analysis, the total computed losses of the system are 130 W and 49 W for the charge and the discharge mode respectively. Basing on the non-idealities, the computer power losses are 147 W and 34,3 W respectively. The losses in the discharge mode are lower as the power transfer is also reduced.
VI. CONCLUSIONS
This paper presents the computation of losses in an ICPT wireless charger for EV. In particular, two models to predict the losses are presented: one based on the analysis of waveforms and another supported by the non-idealities of the components. The models are compared basing on the performance of a prototype constructed according to the SAE TIR J2954 recommendations. Both models show some differences for both power transfer senses, which are assumed to be due to measurement errors.
